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Cardiac electrophysiologic alterations were evaluated 1
to 8 months after partial supracoronary aortic constric-
tion in cats. This procedure induced left ventricular sys-
tolic hypertension and hypertrophy with marked con-
nective tissue infiltration. In situ, premature ventricular
complexes were observed during or after vagal slowing
of sinus rate in 8 (26%) of the 31 experimental animals,
while an additional 3 of the 31 developed ventricular
fibrillation. No arrhythmias were recorded in 31 normal
or 7 sham-operated cats. In vitro, 29% of the left ven-
tricular preparations from cats with pressure overload
and 5% from control cats showed spontaneous ectopic
activity. During stimulation at cycle lengths of 800 to
Patients with hypertension and hypertrophic cardio-
myopathy demonstrate an increased propensity for ventric-
ular arrhythmias (1-5). Although rhythm disturbances may
contribute to sudden death in these patients (4-8), there
have been relatively few studies of the cellular electro-
physiologic consequences of pressure overload that might
increase susceptibility to arrhythmias.
Studies on dilated human atrial fibers (9,10) and ven-
tricular myocardium from rats with experimental renal (II ,12)
or spontaneous (13) hypertension describe a variety of elec-
trical abnormalities, including low rest potential and reduced
potassium ion (K +) conductance (9, 10), lengthening of ac-
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1,000 ms, multiple site impalements of subendocardial
muscle cells within fibrotic regions revealed heteroge-
neous electrical abnormalities. These included short ac-
tion potential duration, low amplitude action potentials
generated from low resting potentials, split upstrokes
and electrically silent areas. Impalements in nonfibrotic
areas of the left ventricle showed prolongation of muscle
action potential duration. Long-term disturbances in cel-
lular electrophysiologic properties may favor the devel-
opment of arrhythmias and thereby contribute to sudden
cardiac death in left ventricular hypertension and
hypertrophy.
tion potential duration (11-13), afterpotentials (13-15) and
triggered activity (15). However, except for a brief report
on one patient with hypertrophic cardiomyopathy (16) and
an early study on rabbit ventricle (17), there has been no
evaluation of the cellular electrophysiologic changes asso-
ciated with left ventricular outflow tract occlusion.
The present study, then, was undertaken in order to char-
acterize myocardial cellular alterations brought about by
aortic constriction in the cat. A number of significant elec-
trophysiologic abnormalities are noted and considered with
respect to their possible role in the genesis of cardiac rhythm
disturbances.
Methods
Preparation of the model. Thirty-one experimental,
31 normal and 7 sham-operated cats (weight 1.6 to 4.5 kg;
mean body weight 2.8) of either sex were anesthetized with
sodium pentobarbital (30 mg/kg, intraperitoneally) and ven-
tilated with an endotracheal tube and Harvard positive-pres-
sure pump. A 6 lead electrocardiogram was monitored with
a multi-channel oscillograph (Electronics for Medicine) be-
fore and after a sterile left thoracotomy. A nonabsorbable
polytetrafluoroethylene-coated polyester suture (1-0; Ethi-
0735-1097/83/$3.00
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con) was secured around the ascending aorta just distal to
the coronary arteries. The vessel was constricted to IS to
20% of its original diameter, as assessed by postmortem
examination. Sham operations were identical except for the
use of nonocclusive aortic bands. Surviving cats were main-
tained for I to 8 months (mean 4.7).
On the day of study, the animals were weighed, anes-
thetized, ventilated and monitored as previously described.
A continuous electrocardiogram was recorded approxi-
mately 60 minutes before thoracotomy and was maintained
throughout the isolation and stimulation of the vagus nerve.
After thoracotomy, left ventricular pressure was obtained
by means of direct puncture of the heart with a 22-gauge
needle and flexible catheter attached to a Statham blood
pressure transducer and Grass recorder. A similar cannula
placed in the aorta distal to the band allowed simultaneous
measurement of the pressure gradient across the occlusion.
Vagal stimulation was carried out as described previ-
ously (18). After bilateral neck dissections, the nerves were
isolated, doubly ligated and stimulated with stainless steel
wire electrodes. These were isolated from the surrounding
tissues by means of cotton jackets impregnated with mineral
oil. Pulses (10 Hz; 10 v; 0.1 ms) were delivered with an
American Electronics Laboratories stimulator; reproduci-
bility of the response was verified by repeating the procedure
in some of the study cats. The extent of the decreases in
heart rate and blood pressure induced by vagal stimulation
were not significantly different (probability [p] > 0.05) in
animals with overload versus control animals.
In vitrorecordings. On completion of vagal stimulation
and pressure measurements, the heart was excised and dis-
sected in Tyrode's solution equilibrated with a mixture of
95% oxygen - 5% carbon dioxide. The atria and right
ventricle were removed, the left ventricle opened by an
incision through the free wall between the papillary muscles,
and the mitral valve removed (18). After rapid determination
of wet heart weight, the preparation was pinned with the
endocardial surface upward in a Lucite tissue chamber and
superfused with modified Tyrode's solution (36 to 37° C)
of the following composition (roM): sodium chloride (NaCl)
137, sodium bicarbonate (NaHC03) 12, potassium chloride
(KCI) 4, calcium chloride (CaCh) 2.7, sodium phosphate
(NaH2P04 ) 1.8, magnesium chloride (MgCh) 0.5 and dex-
trose 5.5. The preparation was stimulated through Teflon-
coated, bipolar silver wire electrodes at cycle lengths of 800
to 1,000 ms and at 1.2 times threshold current. Similar
electrodes were used to record surface electrograms, which
were amplified and displayed on an oscilloscope screen.
During an initial equilibration period of60 to 90 minutes,
the entire endocardial surface was surveyed at 2 to 5 mm
intervals by means of surface electrograms in order to dis-
cern patterns of ventricular activation and confirm the visual
determination of fibrotic patches.
After gross visual and surface electrographic determi-
nation ofpotentially diseased areas, these and control sites
were examined again using glass microelectrodes filled with
3M potassium chloride. The electrodes were connected to
amplifiers with input impedance of 100 megohms and input
capacity neutralization (Bioelectric NF I), Amplifier output
was displayed on one or more oscilloscopes (Tektronix) and
photographed with a Polaroid camera. Action potential up-
stroke velocity (VmaX> was electronically differentiated with
continuous calibration as described elsewhere (19), Resting
potential, action potential amplitude and Vmax were mea-
sured on-line during experiments (20), while action potential
duration at 50, 70, and 90% repolarization was determined
from photographic records.
Detailed studies oftransmembrane action potential char-
acteristics were carried out in specific regions of the ex-
perimental preparations (18). Sample grids incorporating
fibrotic areas and regions at the interface between fibrotic
and normal-appearing tissues were constructed. These grids
provided 12 to 30 sampling points at interelectrode distances
of less than 0.5 mm. Comparable areas in hearts from nor-
mal and sham-operated cats also were surveyed, as were
nonfibrotic areas in tissue from animals with left ventricular
pressure overload.
Histologic examination. After completion of microe-
lectrode studies, the entire left ventricular preparation was
fixed in 10% buffered formalin. The heart was then hand-
sectioned into 2 mm slabs; those portions incorporating re-
gions of electrophysiologic abnormalities, as well as control
areas, were embedded in paraffin. Tissues were subse-
quently sectioned at 4 to 6 !-tm, mounted and stained with
hematoxylin-eosin and Masson's trichrome.
Results
Statistics. Measurements of the electrophysiologic
properties of 5 to IS individual cells per region were made
for each heart. These data are expressed as mean ± standard
deviation (SD). Significant differences between action po-
tential variables in experimental versus control (normal and
sham-operated) cats were determined using Student's t test.
Statistical significance was established at p ::s: 0.05.
In situ observations. All cats subjected to partial aortic
occlusion developed left ventricular systolic hypertension;
their mean systolic pressure was 122.4 ± 6.3 mm Hg com-
pared with 97.8 ± 3.5 (p < 0.05) in normal cats. The peak
left ventricular-aortic pressure gradient was 37.3 ± 5.1 mm
Hg in cats with aortic constriction (Fig. I, upper panel).
Pressures recorded proximal and distal to aortic bands in
sham-operated cats were identical or differed by less than
10 mm Hg.
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(n = 38) (n = 31)
Ectopic Acuvity Yes No Yes No
Yes 0 2 3 6
No 0 36 8 14
Table 1. Incidence of Ventricular Ectopic Activity*
animals. indicating hypertrophy of approximately 60% in
response to aortic banding.
Pale fibrotic areas were noted 0 11the endocardial surface
in 21 (68%) of 31 pressure-overloaded hearts (Fig. 2).
These patches, which were not observed in normalor sham-
operated cats, were distributed throughout the ventricle,
most commonly appearing in the apical or basilar regions
of the interventricular septum and on the papillary muscles.
Fibrotic regions were characterized by low voltage surface
electrograms of reduced complexity. Most hearts had one
to three such endocardial patches; visible surface areas for
each ranged from 10 to 160 mrrr' .
Histologic examination of hearts with apparent patchy
fibrosis revealed marked connective tissue infiltration and
pronounced proliferationof the endocardium in these areas.
Regions of clearly delineated interdigitation between nor-
mal-appearing muscle or Purkinje fibers and strands of col-
lagenous material were noted.
Cellular electro physiologic recordings. Figure 3 illus-
trates representative action potentials recorded at 20 sites
within a sample grid (4 mm/) located on the anterior pap-
illary muscle of a sham-operated cat. For each site. the
potential shown corresponds to the first or most superficial
cell encountered; in most cases this was a ventricular muscle
fiber. Action potentials recorded here and elsewhere in hearts
from the sham-operated and normal cats were of relatively
homogeneous configuration; pooled data from the 38 control
preparations are summarized in Table 2. These variables
were not significantly different in sham-operated and normal
hearts. and thus the two groups were combined. Action
potentials of consistently normal configuration also were
found in deeper cell layers.
In contrast . action potentials recorded in comparab le
areas fro m pressure-overloaded preparations showed nu-
merous electrophysiologic abnormal ities. Figure 4 repre-
sents a surface grid of dimensions similar to that in figure
3, but recorded from a fibrotic region of the anterior pap-
illary muscle in a preparation exposed to pressure overload
*Values represent total numbers of cats manifesting ventricular ar-
rhythmias (including fibrillation)under stated conditions. Thecontrol group
includes 31 normal and 7 sham-operated cats.
Figure 1. Upper panel depicts simultaneous recordings of aortic
and left ventricular (L. v .) pressure ina cat subjected to 3 months
of aortic constriction. Note peak systolic left ventricular-aortic
pressure gradient ofapproximately 50mm Hg. Lowerpanelshows
a continuous lead IIelectrocardiogram obtained just after cessation
of vagal stimulation and immediately before sacrifice in a cat with
left ventricular pressure overload. Note theoccurrence of isolated
premature ventricular contractions, followed by coupled beats and
bigeminy. Such arrhythmias were recorded in 8 of 31 cats with
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Electrocardiographic monitoring without vagal stimu-
lation revealed no ventricular ectopic activity in any cat
during the 30 minute period immediately before sacrifice.
During or subsequent to vagal stimulation, single, repetitive
or multifocal premature ventricular complexes or bigeminy.
or both, were recorded in 8 (26%) of the 31 animals with
left ventricular pressure overload (Fig. I, lower panel). Three
additional cats underwent spontaneous ventricular fibrill a-
tion. No arrhythmias were observed in normal or sham-
operated cats (Table I).
In tissue bath , unstimulatedresponsesor rapid, repetitive
depolarizations were recorded in 9 of the 31 experimental
preparations; 3 pressure-overloaded hearts demonstrated ar-
rhythmias both in vitro and on vagal stimulation (Table I).
Ectopic depolarizations in vitro were observed in only 2 of
38 control preparations.
Anatomic and histologic examination. Chronic left
ventricular pressure overload increased the ratio of the wet
weight of the left ventricular preparation (g) to body weight
(kg) on the day of sacrifice. The ratio was 2.9 ± 0.4 in
experimental animals and 1.8 ± 0.2 in sham-operated con-
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Figure 2. Open mounted left ventricle
from a cat with chronic pressure overload
of 1.5 months' duration;anteriorpapillary
muscle (APM) at left. and bifurcation of
the left bundle branch (LBB) at center.
Visible on the endocardial surface are
patchy focal areas of fibroti c infiltration
(arrows); these were found in 68% of
hearts from banded cats, butnot incontrol
animals. Calibration bar: I em.
for 5 months. In this array, relatively normal action poten-
tials (sites 9, 14, 19) were interspersed with electrically
silent areas (sites 4, 8, 13, 17) and potentials of distinctly
abnormal configuration. Abnormalities included severely
shortened duration « 50 ms; sites 7, 18), notched upstroke
(site 12), reduced resting and action potentials of very low
amplitude « 50 mV) with slow upstroke velocity « 20
Vis) . Figure 5 shows a similar surface grid recorded near
the interface of a fibrotic region and surrounding normal
tissue on the basilar septum. This area manifested a higher
proportion of prolonged normal-appearing potentials, yet
included more split upstrokes (sites 4, 16,24) and retained
regions in which no resting potential could be demonstrated
(sites 7, 9, 12, 14, 15, 17, 18).
Figure 3. Representative control recordings of transmembrane
action potentials obtained within a 4 mm? surface grid on the
anterior papillary muscle of a sham-operated cat. Note the ho-
mogenous configurationofactionpotentials recorded insuperfic ial
muscle fibers; a Purkinje fiber was impaled at site 8. Quantitative
action potential characteristics are given in Table 2.
-~s50
20r
Detailed examination of the border zone between ' 'nor-
mal" muscle and that subject to connective tissue infiltration
aft er long-term aortic constriction revealed marked elec-
trophysiologic irregularities. Figure 6 depicts abnormally
shortened action potentials (1,000 ms stimulus cycle length)
recorded in the subsurface myocardium at the edge of a
fibrotic region. At site A, electrode penetration to a depth
of 4 cell layers was possible. The surface action potential
had an amplitude of 98 mV and showed normal repolari-
zation, while deeper potentials were of reduced magnitude
and duration. As the electrode was moved farther into the
area of tissue fibrosis (sites B, C), the number of cell layers
that could be impaled was progressively diminished, and
action potential duration remained short (50 to 60 ms).
In general. severe electrical abnormalities were not ob-
served in the 10 experimental preparations with no endo-
cardial fibro sis. or in normal regions of the 21 fibrotic
ventricles . A survey of action potential characteristics at
randomly selected sites in all 31 pressure-overloaded prep-
arations, however, uncovered configurational changes that
differentiate them from control hearts. At stimulus cycle
lengths of 800 to 1,000 ms, action potential duration at 50
and 90% repolarization was significantly (p < 0.001) pro-
longed in muscle cells from pressure-overloaded ventricles
relative to control ventricles (Table 2). In addition, rest
potentials were consistently lower in pressure-overloaded
left ventricular preparations than in control ventricles. Ac-
tion potential amplitude and maximal rate of phase 0 de-
polarization were not signifi cantly different (p > 0.05).
Action potential characteristics in Purkinje fibers demon-
strated no signifi cant variability between control and ex-
perimental ventricles.
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Figure 4. Action potentials recorded from fibrotic regions in hearts
subjected to left ventricularpressureoverloaddemonstrated many
electrophysiologic abnormalities, In a 4 mrrr' surface grid from
the anterior papillary muscle, potentials of significantly abnormal
configuration were interspersed with those of relatively normal
appearance (see text), Successful impalements were not obtained
at varioussites (4, 8, 13, 17), In general, actionpotentials recorded
in hearts exposed to left ventricular systolic hypertension arose
from lower resting potential than those generated In control hearts
(Table 2),
Discussion
Data from our investigation confirm earlier findings of a
generalized increase in action potential duration in nonfi-
brotic areas of hearts exposed to ventricular pressure over-
load (11,12,16,21). Spontaneously hypertensive rats also
exhibit lengthened ventricular action potentials relative to
control rats (13). Aronson (11) ascribed this effect in renal
hypertensive rats to a slowed inactivation of a calcium-
inactivated inward current. Using voltage clamp techniques
in right ventricular systolic hypertension, however, Ten Eick
et al. (21) attributed lengthened action potentials in cat hearts
to a slower activation of outward K + current and alterations









Our study is the first to report significant long-term elec-
trophysiologic alterations (other than action potential length-
ening) in pressure-overloaded myocardium. The mecha-
nisms involved in these cellular abnormalities are unclear;
however, we suggest that they are recorded from cells that
primarily are damaged by events secondary to the aortic
pressure overload (see later),
Morphologic findings. Patients with aortic stenosis or
coarctation develop significant myocardial fibrosis (22), as
do rats (23) and cats (24) after left or right ventricular
pressure overload, respectively. The similarity of these ob-
servations in man and experimental animals reinforces the
validity of the models, although experimentally induced
sudden aortic constriction has been criticized as not truly
analogous to the usual clinical situation in which systemic
hypertension develops gradually (25), However, acute pres-
sure overload of the left ventricle does occur clinically. In
addition, action potential lengthening in gradually devel-
oping left ventricular pressure overload in cats (unpublished
observations) is similar to that reported in nonfibrotic re-
gions after abrupt aortic coarctation (Table 2).
Myocardial necrosis with fibrotic infiltration is a widely
reported response to left ventricular pressure overload, whether
suddenly or gradually imposed (22,23,25). Patchy focal
connective tissue hyperplasia, as we have observed in the
cat, may come about as a result of relative oxygen deficiency
due to altered coronary hemodynamics. Suddenly increased
metabolic demands during work overload combined with
reduced coronary reserve (26,27) could produce regions of
relative ischemia, and eventually tissue degradation. A sup-
porting experiment shows that in dogs, myocardial necrosis
during hypovolemic shock can be prevented by exposure to
hyperbaric oxygen (28).
Arrhythmogenic mechanisms: cellular. In our study,
ventricular premature depolarizations often were observed
after aortic banding, both in situ and in tissue bath, but were
Table 2. Characteristics of Action Potentials in 38 Control and 31 Aortic-Banded Cats
vmax APDso APD90
APA (mV) RP (mV) (Vis) (ms) (ms)
Muscle fibers
Control 99.7 ± 9.5 77.4±104 105.9 ± 43.6 99.1 ± 30.8 144.3 ± 33.7
[81] [42] [77] [81] [81]
Aortic band 99.6 ± 11.8 68.3 ± 10.3* 112.3 ± 49.6 114.6 ± 30.3t 1644 ± 32.3t
[219] [60] [182] [219] [219]
Purkinje fibers
Control 104.0 ± 9.4 81.5 ± 130 268.1 ± 53.6 157.0 ± 38.3 212.5 ± 42.5
[51] [8] [50] [51] [51]
Aortic band 1064 ± 10.2 813 ± 9.1 274.6 ± 71.2 155.2 ± 30.9 217.9 ± 414
[125] [IS] [1071 [125] [125]
*Probability (p) < 0.05. tp < 0.001 (aortic band versus control hearts).
The data are expressed as mean ± standard deviation and figures in brackets refer to total number of Impalements. The control group includes 7
sham-operated and 31 normal hearts. APA = acnon potential amplitude; APDso, APD9() = action potential durauon at 50% and 90% repolanzanon,
respectively, RP = resting potential; Vrna, = maximal upstroke velocity of phase 0
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Figure 5. A grid similar to that in Figure 4 (interelectrode dis-
tances <0.5 mm) showing abnormal action potentials recorded on
the basilar septum at the margin of a fibrotic area. In this region,
a higher proportion of electrically silent areas and split action
potential upstrokes (see insets) were observed. This combination
of electrophysiologic irregularities was relatively common at the
interface of normal and connective tissues. Horizontal calibration
bar indicates both 100 ms (all sites) and 10 ms (insets, sites 4 and
16) intervals.
Figure 6. Further investigation at the interfaces of fibrotic and
normal-appearing tissues revealedrelativelysevere action potential
abnormalities of several varieties. Potentials demonstrating sig-
nificantly shortened duration were often recorded in subsurface
myocardium (cycle length 1,000 ms). As the microelectrode was
moved progressively further into the fibrotic area at intervals of
<0.5 mm (sites A to C, respectively), successful cell impalement
below the top two cell layers became impossible.
rarely seen in normal or sham-operated preparations. This
apparent increase in arrhythmogenic potential may result
from any of several mechanisms. Slow potentials and de-
pressed resting potential may indicate cellular injuryor isch-
emia, or both; resultant elevated levels of extracellular
K+ , lactate and carbon dioxide, contributing to acidosis in
the underperfused endocardium, can play a role in the de-
velopment of ectopic foci (29). Split potentials and electri-
cally silent areas in fibrotic regions suggest a dissociation
of propagated wave fronts that could lead to reentry. More-
over, the combination of severely shortened action potential
duration « 50 ms) recorded at the margins of fibrotic areas
with the prolonged repolarization observed generally in banded
animals (Table 2) may contribute to electrical instability.
The resulting dispersion of refractory periods increases ven-
tricular vulnerability to arrhythmias (30). It is impossible
to fully characterize the electrical activity of these hearts
using conventional microelectrode techniques and small
numbers of cells. However, the existence of these abnor-
malities demonstrates a clear potential for cellular injury or
altered electrotonic interactions, or both, to promote ar-
rhythmogenic mechanisms in hypertension and pressure
overload. Arrhythmias associated with cardiac enlargement
are not always accompanied by dramatic electrophysiologic
abnormalities (31). Previously, only Hordofet al. (9) were
able to correlate action potential changes in dilated tissue
with the occurrence of preoperative cardiac arrhythmias
Arrhythmogenic mechanisms: extracardiac. The ar-
rhythmias demonstrated by cats with aortic constriction may
also result from other factors. Stimulation of the vagosym-
pathetic trunk releases catecholamines which mightexert an
arrhythmogenic effect once the acetylcholine is metabo-
lized. This might explain the appearance of ectopic activity
after termination of vagal stimulation (Fig. I). We doubt
that catecholamines played a significant role in the genesis
of in vitro ectopic activity, however, because no enhance-
ment of diastolic depolarization was observed in normal
versus experimental Purkinje fibers. On the other hand,
pressure-overloaded hearts may showabnormalities of reflex
vagal control. Although the role of sympathetic-parasym-
pathetic interactions in the genesis of ventricular arrhyth-
mias in ischemia has been studied (32), there are few or no
comparable data for pressure-overloaded hearts. It is pos-
sible that altered vagal reflexes contributed to the increased
propensity for in situ arrhythmias noted in the present model .
We thank Ms. Nereida Lowery for assistance in preparing the manuscript
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